With the use of the simple motor reaction time (RT), we examined the contribution of the hemiretinas to tlae timing of the pattern reversal visual evoked potential (PVEP). RTs were obtained to the reversal of a progressively dimmer cheek falling either on the central, nasal, temporal, superior or inferior retina. Results were correlated with the peak time of the P~ wave evoked to the reversal of the entire checkerboard stimulus to the same luminance conditions as that used to generate the RT measurements. 
INTRODUCTION
The visual evoked potential (VEP) identifies the biopotential recorded at l~e level of the visual cortex in response to a photic stimulus. The P1 wave, which is the most prominent compo~ent of the VEP, is thought to mostly represent neural activity generated by the central part of the retina (Sokol, 1976) . The latter is not only due to the fact that the exposed surface of the visual cortex, that closer to the recording scalp electrodes, receives its inputs from the central retina, but also to the central retina being over-represented at the cortical level (e.g. cortical magnification factor) (Perry & Cowey, 1985; Sokol, 1976; W/issle et al., 1990) . Since the ability for fine spatial resolution is known to be subserved by cells in the central retina (DeMonasterio & Gouras, 1975; DeYoe & Van Essen, 1988) , use ,of a pattern stimulus such as a checkerboard will further enhance the contribution of the central retina to the genesis of the VEP signal. Furthermore, unlike diffuse flashes, the stimulus used to generate the pattern VEP (PVEP) response is usually limited to about 20 deg of visual angle; consequently, under central fixation the PVEP response reflects, at most, the activation of a 10 deg square area of retina centred on the fovea (Sokol, 1976; Tychsen, 1992) . Despite this limitation, the retina cannot be thought of as a homogeneous tissue. Histological studies of monkey (Curcio et al., 1987; Perry & Cowey, 1985) and human (Curcio & Allen, 1990; Curcio et al., 1987 retinas have shown that the concentration of rods and cones varies with eccentricity and a similar relationship was also shown to exist for the retinal ganglion cells. The concentration of photoreceptors and ganglion cells is larger in the nasal retina than it is in the temporal one and this difference increases with eccentricity, suggesting that the two hemiretinas may not contribute equally to the timing of the PVEP response. Supportive of the above claim are results obtained with the simple motor reaction time (RT), a psychophysical method used to measure perceptual latency. Previous studies have shown a progressive increase in RT with eccentricity and for the same position, stimuli falling on the nasal retina always triggered faster RTs than those falling on the temporal one (Chelazzi et al., 1988; Payne, 1966; Rains, 1963; Roy et al., 1994) . This naso-temporai RT difference was also shown to be enhanced when progressively dimmer stimuli were used (Rains, 1963) .
The purpose of this study was thus to investigate which 3193 of the following best explains the timing of the PVEP: (1) is it the most rapid retinal region that determines the peak time of the PVEP?; or (2) does each region exert a similar contribution? In order to investigate the above, we examined the contribution of selected retinal locations to the peak time of the P1 wave of the PVEP by comparing RTs evoked to a reversing check falling on the central, nasal, temporal, superior or inferior retina with the peak time of the P~ wave of the PVEP response evoked to the reversal of a full-field checkerboard stimulus. The luminance of the stimuli was decreased progressively and the resulting PVEP and RT timing modifications were compared.
METHODS
Monocular full-field PVEPs and simple eye-hand RTs, evoked from five different retinal eccentricities, were obtained from five normal subjects aged 19-31-yearsold, all of whom had best-corrected visual acuities of 20/20. A signed informed consent was obtained from all subjects after the nature of the study had been fully explained.
The stimulus used to evoke the PVEP and RT responses was a standard checkerboard generated by a Grass model 10 visual pattern generator and displayed on a black and white monitor positioned 1.14 m from the subjects. The stimulus field covered 24 deg horizontal by 18 deg vertical. PVEPs and RTs were elicited monocularly from the preferred eye and the other eye was occluded with a black patch to which the subjects were equally adapted prior to initiation of testing sessions. The subjects were instructed to fixate a central fixation point (red light-emitting diode) in order to ascertain that the expected retinal positions would be stimulated accurately. Ocular stability was verified visually by the experimenter. In order to ascertain that all the data would be collected while the subjects were in an optimal state of alertness, measurements were obtained in four different recording sessions (one for the PVEP and three for the RT) which occurred on different days. The check size used represented 30 rain of arc of visual angle. Stimulus luminance was initially of 40 cd.m -2 (unattenuated) and was reduced with the use of neutral density filters of 0.9, 1.8 or 2.7 log units. The contrast level remained constant (83%) with luminance attenuation. Right-handed subjects (n = 4) had their right eye tested and responded with their right hand, while the reverse was done for a left-handed subject. The results were statistically evaluated using repeated measures ANOVAs, and paired or unpaired Student t-tests when applicable. preamplifiers) within a 1-100 Hz bandwidth (6 dB of attenuation). An average of 200 reversals was obtained with a Nicolet Med-80 signal averager (dwell time: 500/zsec; sweep time: 500msec; prestimulus delay: 100 msec). A hard copy of the response was obtained with a Hewlett Packard 7010B x-y recorder and the waveforms were then stored on floppy disk (Nicolet Nic-299 disk storage unit) for further analysis. Since there was no significant difference (Pearson's correlation coefficient >0.98; n = 514 data points/signal) in amplitude, peak time and morphology between the PVEPs recorded from O1 and O2, data analysis was performed on a waveform obtained by computer-averaging the two signals (e.g. (Or + 02)/2). The peak time of the P~ wave of the resulting PVEP was measured from reversal onset to peak.
Reaction time (RT)
The method used to collect the RT data was a modified version of that previously published by our laboratory (McKerral et al., 1992; Roy et al., 1994) . More specifically, simple motor RTs were evoked to the reversal of a single 30 min of arc check, with the remainder of the screen completely masked, located either at the centre (0 deg eccentricity) or nasal, temporal, superior or inferior extremities (+12 or -12 deg on the horizontal meridian; +9 or -9deg on the vertical meridian; outer edge of check at screen extremity) of the same checkerboard screen as that used to evoke the PVEP. Thus, the entire screen, except for one check, was covered with an opaque black filter. The subjects were instructed to signal the reversal of the check by pressing a manual switch, which emitted a 5 V signal to a computer equipped with a data acquisition software (Computerscope-Enhanced Graphics Acquisition and Analysis: EGAA, RC Electronics, Inc., Goleta, CA). The data were then graphically reported in the form of a poststimulus time histogram (PSTH), where each vertical bar represents one or more RT response. The interstimulus interval varied between 1 and 2 sec to avoid anticipation and a total of 100 RTs (in two blocks of 50) were collected for each eccentricity and luminance condition. RTs faster than 140 msec or slower than 400 msec, which accounted for less than 2% of the trials, were rejected on the grounds of anticipatory response or due to inattention (Roy et al., 1994) . The individual RT values, in milliseconds, were then transferred to a spreadsheet (Quattro Pro, Borland International, Inc., Scotts Valley, CA) and the mean RT values, along with their standard errors, were calculated.
Pattern visual evoked potential (PVEP)
RESULTS Full-field PVEP signals were recorded with Grass silver cup electrodes pasted at O~ and 02, with reference Pattern visual evoked potential (PVEP) and ground electrodes clipped to each earlobe.. Electrode . . Representative full-field PVEP responses recorded impedance was measured and kept below 5 kf2 (Grass from two normal subjects are illustrated in Figs I(A) electrode impedance meter, model EZM5). The rate of and I(B). On average (Table 1) , the peak time of the P1 reversal of the checkerboard was set at 1.36 reversals/sec wave increases from 97.2 msec (unattenuated) to and the signal was amplified 10,000 times (Grass P511 150 msec (at 2.7 log units of attenuation), and for each attenuation in the lumin~aace of the stimulus there is a significant (P < 0.05) increase in the timing of the PVEP P1 wave. As illustrated with the accompanying graph of Fig. I(A) , a 0.9 log unit attenuation augments the peak time of P1 by 10 msec, while a 2.7 log units attenuation increases by more than 50 msec. Similarly, for the subject illustrated at Fig. I(B) , reducing the luminance of the stimulus by 0.9 and 2.7 log units lengthens the peak time of the P1 wave by 6 and 59 msec, respectively. Group data (Table 1) reveal that following a reduction in the luminance of the stimulus, the average timing increments of the P1 wave range from 8.6 msec (0.9 log unit) to 52.8 (2.7 log unit). Figure 2 illustrates representative RT measurements obtained from the same subjects whose PVEPs are shown (Table 1) shows that for all retinal locations tested each level of attenuation in the luminance of the stimulus yields a significant (P < 0.05) increase in the RT. Figures 2(A) and 2(B) also further illustrate the high reproducibility of the RT data since, as shown with the PSTHs, there is little dispersion around the mean. Group data analyses ( Table 1 ) further indicate that there is no significant (P<0.05) difference between the mean coefficients of variability, which ranged between 10.9% (central stimulus) and 14.5% (nasal stimulus).
Reaction time (RT)
Group data also show that the central RT is significantly (P < 0.05) faster than RTs obtained from Figures in parentheses are standard errors of the mean. Cv, mean coefficient of variability. *Significant (P < 0.05) increase, from the previous luminance level, in the timing of the PVEP and of the RT at each retinal location. ~'Significant (P < 0.05) difference between nasal and temporal RT. :~Significant (P < 0.05) difference between superior and inferior RT. more eccentric locations (e.g. nasal, temporal, superior, inferior) for each luminance level. Moreover, nasal RTs are always faster than temporal ones. As shown in Table  1 , not only was this naso-temporal difference significant (P < 0.05) at all luminance levels except for the 0 log unit of attenuation condition, but it also increased with dimmer luminance. The above contrasts with the results obtained along the vertical meridian, which were found to be less consistent. For instance, the inferior RT was significantly (P < 0.05) faster than the superior RT for the brightest stimulus (unattenuated), while the reverse was seen for the dimmest (2.7 log units of attenuation).
Relationship between PVEP and RT
We compared PVEP and RT data in order to examine if it was possible to determine which retinal location most influenced the PVEP timing variable. The result of this analysis is illustrated in Fig. 3 where, for each luminance level, the resulting RT and PVEP timing increments are reported in a normalized fashion (e.g. msec/log unit of attenuation) where each level represents a 0.9 log unit decrease in luminance. Consequently, in a situation where a stepwise uniform decrease in luminance simply adds a constant value to the original one, one should expect a straight line uniting the data points from all three luminance levels. This is what we obtained for all but central RT and PVEP data. The central RT and the PVEP timing increments measured at 0.9 (0.9-0)log units are significantly different (P < 0.05) from those obtained at 1.8 (1.8-0.9)logunits (PVEP: 9.6 vs 16.9 msec; RT: 10.4 vs 16.8 msec). Thus, at 0.9 (0.9-0)log units of attenuation, the PVEP and central RT increments are both significantly (P < 0.05) smaller than those obtained from more eccentric locations. However, at 2.7 (2.7-1.8)log units of attenuation both the PVEP (19.5 msec) and central RT (17.0 msec) are not significantly (P > 0.05) different from the average RT (e.g. average of all eccentricities: 18.0 msec).
DISCUSSION
The purpose of this study was to use RT measurements in order to determine the contribution of the different retinal areas to the genesis of the full-field PVEP timing. To do so we measured luminance-dependent changes in RTs obtained to stimulation of selected retinal locations and compared the variations observed with those seen in the Pt wave of the PVEP, also evoked to stimuli of decreasing luminance. Our results show that both variables (e.g. PVEP and RT) are increased in timing following the progressive attenuation in luminance of the stimulus, findings which parallel those obtained in previous studies (Froechlich & Kaufman, 1991; Halliday et al., 1973; McKerral et al., 1992; Rains, 1963; Sokol, 1980; Vaughan et al., 1966) . The comparison of RT data with the peak time of the PVEP P1 wave shows that the two were linearly related over the range of luminance levels tested, results which are in close agreement with those of Vaughan et al. (1966) , who compared VEPs and RTs for different stimulus intensities, and of Hartwell and Cowan (1993) , who studied the VEP and RT over a range of contrasts and temporal modulations.
Our data also show that decreasing the luminance of the stimulus by 0.9 log unit steps causes the RT response functions obtained from eccentric locations to remain parallel to each other. In contrast, both the central RT and PVEP timing showed small increases in bright stimulus conditions, but with further luminance reduction they became similar to the mathematical average of all the retinal positions tested (see Fig. 3 ). These findings indicate that at bright intensities, the peak time of the P1 wave of the PVEP correlates well with the central RT. The latter, along with the fact that the central retina exhibits a faster response time at higher luminance levels (Baylor, 1987; Tessier-Lavigne, 1991) suggest that PVEP timing reflects, at least under bright stimulating conditions, the activation of the most central part of the retina. These results extend those of other studies reporting a similar disproportionate contribution of the fovea to the PVEP Pt component (Kubov~ et al., 1996; Sokol, 1980) . However, since at dimmer luminance levels all hemiretinas were similarly affected and the PVEP timing was correlated with the arithmetic mean of all retinal locations tested, it can be suggested that peripheral retinal locations could exert some contribution and Luminance difference (log units of attenuation) FIGURE 2. Representative RTs (A, B) obtained from the same two subjects whose PVEPs are illustrated in Fig. 1 . The terms "Superior", "Nasal", "Central", "Temporal" and "Inferior" correspond to the retinal eccentricities stimulated to obtain the RTs. Each vertical fine represents one or more motor response(s) and each histogram consists of 100 responses. Calibration: horizontal: 123 msec; vertical: three responses. The two graphs (C, D) report the subjects' respective timing increments (in msec) obtained with a decrease in stimulus luminance for each retinal position tested.
possibly interact with the central retina to determine the PVEP timing at lower intensities. Further, we proved that the RT was modified according to the retinal location stimulated, where it was faster for central than more eccentric stimulation. We found, at all luminance levels tested, a naso-temporal asymmetry, where RTs evoked to stimuli falling on the nasal retina were faster than those measured for stimuli falling on the temporal retina, this dift~rence becoming greater with decreasing luminance. These results are compatible with those previously reported by others and were suggested to reflect ganglion cell density and distribution across the horizontal meridian of the retina (Chelazzi et al., 1988; Clarke & Zaidel, 1989 Payne, 1966 Rains, 1963; Roy et al., 1994) . In fact, it has been suggested that at least 50% of all ganglion cells are concentrated in the macula, thus explaining the faster timing of the central retina (Dawson et al., 1984; Wandell, 1995) . Also, a recent study (Curcio & Allen, 1990) showed that the density of ganglion cells in the nasal retina was three times greater than that 0.9-0 1.8-0.9 2.7-1.8 Luminance level (log units) FIGURE 3. Graphic representation of normalized mean RT and PVEP timing increments (in msec/log unit of attenuation) for luminance levels of 0.9-0, 1.8-0.9 and 2.7-1.8 log units, each level representing a 0.9 log-unit decrease in luminance. "Average" = arithmetic mean of all retinal locations tested. Error bars were omitted for greater clarity. At the 0.9~ log unit level, PVEP timing (crosses) and central RT (open circles) increments are significantly (P < 0.05) smaller than those obtained from more eccentric locations. There are no such significant differences at the 2.7-1.8 log units level.
measured in the temporal retina, a difference which could also explain the timing advantage of the nasal retina over the temporal retina. We also studied the timing contributions of locations along the vertical meridian of the retina, which showed no similar consistent superior-inferior asymmetry. To our knowledge, only one other study (Payne, 1966) reported RT results obtained from other meridians of the retina and the author showed that RTs collected along the oblique 45-225 deg meridian varied in a different fashion than those evoked from positions along the horizontal one. This difference in timing between the horizontal and vertical meridians could also reflect the neural organization across these sectors of the retina. This conclusion is supported by an anatomical study of human retinas which identified a higher number of ganglion cells along the horizontal meridian than the vertical one (Curcio & Allen, 1990) . Moreover, Curcio and Allen (1990) also found a superior-inferior asymmetry in human ganglion cell distribution, but not as consistently as. the nasotemporal asymmetry. They demonstrated an important interindividual variation in ganglion cell numbers across the vertical meridian, which could account for our failure to show any reproducible superior-inferior RT asymmetry. On the basis of our results obtained with the simple motor RT, we can thus suggest that this technique could represent a valid, reliable and inexpensive method to measure the retinocortical conduction time and that it could be used to estimate, assuming a normal and constant motor component, the integrity of the visual pathways in pathologies such as media opacities, which were shown to produce a luminance attenuation, even early in the disease process (Froechlich & Kaufman, 1991) .
We have shown discrepancies between central and peripheral response times, the central retina exerting an advantage at bright intensities. These results probably not only reflect the distribution (Curcio et al., 1987 and the luminance-detection properties (Baylor, 1987; Tessier-Lavigne, 1991) of photoreceptors and ganglion cells of the retina, but also the resolution capacity of the entire visual streams (Dreher et al., 1976; Van Essen & DeYoe, 1995) . Our findings thus suggest that additional processes are implicated in the luminance-response timing of the PVEP, where the latter would be determined by complex interactions taking place between peripheral and central retinal areas and along the parallel visual pathways.
In conclusion, with the use of the simple motor RT to study the contribution of different retinal locations to the PVEP, we found that the time taken to trigger a manual response depends on the luminance of the stimulus, as well as where it falls on the retina. As discussed above, the different retinal eccentricities tested on the horizontal and vertical meridians yielded different detection times and in turn were differently modified by the attenuation in luminance of the stimulus. These results, along with the fact that the central RT showed timing increments which were similar to those obtained for the PVEP P1 wave, strongly support a central retinal origin for the PVEP but at bright intensities only, since at dimmer luminance levels the making of the PVEP P1 wave appears to recruit a larger retinal area. Our results thus accentuate the need to control the luminance conditions under which PVEP experiments are conducted, and to insure proper fixation during PVEP testing. Eccentric fixation could lead to slower or faster PVEP timing, depending on which hemiretina is over-or understimulated.
